Preexposure to small doses of lipopolysaccharide (LPS) is known to lead to unresponsiveness or low responsiveness, socalled tolerance, to higher doses of endotoxin given at later times. Various experimental models exist to study this phenomenon, ranging from pure in vitro work measuring the refractoriness of prestimulated cells to in vivo protection studies with animals (reviewed in references 16, 36, 63, and 67) . In such studies, tumor necrosis factor alpha (TNF-␣) has been reported to be one important mediator responsible for lethal LPS toxicity (11, 15, 57) . However, interleukin (IL)-12 (5, 25) , , gamma interferon (IFN-␥) (4, 9, 26, 57) , granulocyte macrophage colony-stimulating factor (2), or other mediators may also be involved.
Since administration of LPS for protection of patients from gram-negative septic shock is limited by the pyrogenicity and systemic toxicity of endotoxin, attempts have been made to make use of other, hopefully less harmful substances to achieve cross tolerance against LPS (24, 30, 33, 35, 50, 51, 53, 55) . These substances, like LPS, are all macrophage activators, since induction of tolerance is mediated by macrophages (14) .
Another common feature is that these substances signal through the recently discovered family of Toll-like receptors (TLRs). The signal pathways of distinct TLRs are very similar but not identical, usually involving the participation of the cell internal adaptor molecule myeloid differentiation factor 88 (MyD88) (28, 48, 59) . Since LPS-mediated induction of tolerance requires functional TLR4 (32) , it was of interest to examine the possibility of inducing cross tolerance to LPS by prior stimulation through TLR2 and -6 with the 2-kDa macrophage-activating lipopeptide (MALP-2)
The in vitro studies of Sato et al. have shown that MALP-2 can induce cross tolerance to LPS, as shown by decrease of TNF-␣ production and reduced activation of selected genes, in MALP-2-pretreated macrophages (55, 56) . MALP-2, formerly called MDHM (mycoplasma-derived high molecular material), acts on murine macrophages (7, 45, 46, 47) and human monocytes (27) , leading to release of proinflammatory cytokines, chemokines, nitric oxide, and prostaglandins, and has pronounced in vivo activity (7, 38) . LPS and MALP-2 use similar signal transduction pathways and lead to comparable in vitro stimulation of macrophages (28, 59) . However, while LPS requires TLR4 for signaling (52) , MALP-2 needs the cooperation of TLR2 and TLR6 for stimulation (44, 60) . In addition, activation of NF-B and IFN-responsive genes by LPS is possible without MyD88 through alternative pathways (29, 61) , whereas there is no evidence for a MyD88-independent pathway for MALP-2 (29) .
Because of this, and as TLRs are expressed differently on various tissues and potential target cells (10, 12, 40, 49) , it is to be expected that the reactions of an experimental animal to systemic administration of either LPS or MALP-2 may differ appreciably. One example is the pyrogenic response in the rabbit: while about 1 ng of LPS causes a considerable rise in body temperature (13) , about 1,000 times more MALP-2 is required to achieve the same effect (see Results). Also, natural killer (NK) cells, which play an important role in LPS toxicity (20) , express very little or no TLR2 (12, 22) and are not expected to react to a MALP-2 stimulus. We wished, therefore, to test the capacity of the less pyrogenic and possibly less toxic MALP-2 to induce cross tolerance to LPS in an animal model.
Protection of mice against LPS challenge can be measured very conveniently in the galactosamine model in which mice are sensitized to LPS or TNF-␣ by several orders of magnitude (34) . We used this model which indicates lethal TNF-␣ levels raised after LPS challenge (15) to study the effect of pretreatment with MALP-2 on the induction of cross tolerance to LPS or the lethal effect of TNF-␣. Our data show that MALP-2 can provide protection from lethal TNF-␣ doses but that protection against LPS is incomplete.
MATERIALS AND METHODS
Macrophage activators. For induction of tolerance, the active and natural S- [2,3-bispalmitoyloxy-(2R) -propyl]cysteinyl-GNNDESNISFKEK enantiomer of MALP-2 was used. It was synthesized and purified by high-performance liquid chromatography (HPLC) as described previously (43, 47, 59) . Active fractions were collected in glassware that was made endotoxin free by heat treatment for 4 h at 180°C. Synthetic MALP-2 was kept as a stock solution of about 1.3 mg/ml in water-2-propanol (2/1 [vol/vol]) at 4°C and was half-maximally active at 2.6 pg/ml. The exact peptide content was determined by amino acid analysis. LPS from smooth-form Salmonella enterica serovar Typhimurium was prepared by the phenol-water method (64) , and LPS from Salmonella enterica serovar Abortusequi was prepared by the PCP method of Galanos et al. (17) . For in vivo induction of tolerance, MALP-2 or LPS was diluted with nonpyrogenic isotonic saline for injection. Human recombinant TNF-␣ (rTNF-␣) was a kind gift of Knoll GmbH, Ludwigshafen, Germany.
Animal experiments. All animal experiments were registered and complied with the appropriate German guidelines of the "Tierschutzgesetz."
Mice. Outbred female NMRI mice as well as C57BL/10ScSn LPS-sensitive mice were obtained from Harlan Winkelmann (Borchen, Germany). They were between 9 and 13 weeks of age when used. C3H/HeJ LPS-low-responder mice were obtained from Jackson Laboratory, Bar Harbor, Maine. C57BL/6 ϫ 129Sv TLR2 Ϫ/Ϫ mice and C57BL/10ScCr mice, the latter carrying a mutation leading to a lack of TLR4 expression (52) and an impaired IFN-␥ response to bacteria (65) due to a defective IL-12 response (42), were bred in the specific pathogenfree facilities of the Max Planck Institute.
Determination of macrophage-stimulating activity by NO release assay. The in vitro macrophage-stimulating activities of MALP-2 and LPS were determined with a nitric oxide (NO) release assay as previously described (46) . Briefly, resident peritoneal exudate cells from C3H/HeJ mice or C57BL/6 ϫ 129Sv TLR2 Ϫ/Ϫ mice served as the macrophage source. A total of 10 5 cells were seeded in Dulbecco's modified Eagle's medium containing 5% heat-inactivated fetal calf serum, 2 mM glutamine, and 2.5 ϫ 10 Ϫ5 M 2-mercaptoethanol (culture medium) in 96-well microtiter plates and simultaneously stimulated with 25 ng of recombinant IFN-␥ (rIFN-␥)/ml (a generous gift of G. R. Adolf, Ernst Boehringer Institut für Arzneimittelforschung, Vienna, Austria) and a serial dilution of macrophage-activating material. After an incubation period of 45 to 48 h, nitrate was reduced with nitrate reductase (Boehringer), and nitric oxide was determined as the sum of nitrate and nitrite by using Griess reagent.
Pyrogenicity of MALP-2 in rabbits. The pyrogenic activity of synthetic MALP-2 was tested by Harlan Bioservice for Science GmbH (Walsrode, Germany) in White New Zealand rabbits weighing approximately 2.8 kg each. The rabbits were housed individually in an area of uniform temperature between 19 and 21°C. Before application of MALP-2, the rectal temperature of each rabbit was determined four times every 30 min. MALP-2 was injected in a volume of 2 ml of pyrogen-free saline within 15 s into the ear vein, and rectal temperature was then measured every 30 min. When preparing very dilute MALP-2 preparations for injection, it should be taken into account that MALP-2 readily adsorbs to glassware.
In vivo induction of tolerance. Tolerance was induced by a single intraperitoneal (i.p.) injection of 2.3 g of synthetic MALP-2 or 1 g of Salmonella serovar Typhimurium LPS in 0.4-ml volumes of pyrogen-free isotonic saline by using groups of 18 animals for each treatment. Control mice received physiological saline. After different time intervals, six mice from each group were challenged by i.p. injection of 1 g of serovar Typhimurium LPS in 0.4 ml of pyrogen-free isotonic saline. Mice were killed 1 h after LPS challenge by asphyxiation in CO 2 and bled by cardiac puncture. Sera were kept frozen until determination of TNF-␣ levels by biological assay and IL-6 levels by enzyme-linked immunosorbent assay (ELISA).
Determination of IL-6 levels. IL-6 levels were determined in a capture ELISA using the IL-6-specific monoclonal antibody MM600C (mouse immunoglobulin G1; Endogen, Cambridge, Mass.) as a capture antibody and a biotinylated monoclonal antibody from clone 6 B4 (a kind gift from J. van Snick) for determination. An authentic standard preparation of mouse recombinant IL-6 (Boehringer, Mannheim, Germany) was used for calculation of IL-6 activity in the samples. The detection limit of IL-6 was 1.5 ng/ml.
TNF-␣ cytotoxicity assay. TNF-␣ levels were determined by a cytotoxicity assay using TNF-␣-sensitive L929 cells (clone C5F6) as targets (15) . Cells were plated at a density of 5 ϫ 10 4 cells/well in 96-well microtiter plates and incubated for 3 h at 37°C in humidified 7.5% CO 2 in air. After exposure to TNF-␣ for 20 h in the presence of 4 g of actinomycin D/ml, the viability of C5F6 cells was determined by staining the surviving cells with crystal violet. The TNF-␣ activity was calibrated using a standard preparation of mouse rTNF-␣ (Boehringer). The detection limit was 5 pg/ml.
Protection against LPS and TNF-␣ in galactosamine-treated mice. Protection against LPS was investigated in C57BL/10ScSn mice, and protection against human rTNF-␣ was investigated in C57BL/10ScCr mice and C57BL/6 ϫ 129Sv TLR2 Ϫ/Ϫ mice. Groups of mice were pretreated with an i.p. injection of different doses of MALP-2 in 0.2 ml of pyrogen-free isotonic saline. The mice were Ϫ/Ϫ mice was investigated after pretreatment with 10 g of MALP-2. Mice were challenged 1 day later as described above. Control mice were challenged without pretreatment. In all cases, lethality was scored up to 24 h after challenge with LPS or TNF-␣.
RESULTS

Lack of cross contamination of MALP-2 and LPS.
For specific stimulation of selected TLRs, it is very important to ascertain that the reagents, such as MALP-2 and LPS, are free of cross contamination. To this end, the LPS and MALP-2 preparations used in our experiments were tested in the sensitive nitric oxide release assay with peritoneal exudate cells from C3H/HeJ LPS-low-responder mice and from mice with a deficient TLR2 receptor (TLR2 Ϫ/Ϫ ) (62) which do not react to MALP-2. Peritoneal exudate cells from TLR2-deficient mice were not activated by MALP-2 at concentrations of up to 1 g/ml (larger doses were not tested). In this system, LPS, acting via the TLR4 receptor, induced half-maximal NO release at Ͻ0.04 ng/ml (Fig. 1A) , indicating that MALP-2 contained Ͻ0.05% LPS, if any. Peritoneal exudate cells from C3H/ HeJ mice, on the other hand, showed no activity when stimulated with LPS concentrations of up to 250 ng/ml, whereas half-maximal stimulation was achieved with as little as 2 pg of MALP-2/ml (Ͻ0.001%) (Fig. 1B) .
Pyrogenicity of MALP-2. Crude preparations of mycoplasmal membranes have previously been shown to induce a rise in body temperature (45) . Having identified MALP-2 as an important macrophage-activating component of Mycoplasma fer-mentans, we measured the pyrogenicity of the synthetic pure substance in rabbits, also with a view toward possible application in patients. As shown in Fig. 2, 5 g of synthetic MALP-2 gave a biphasic temperature response. The minimal effective dose was about 1.5 g/animal.
In vivo application of MALP-2 induces cross tolerance to LPS. Pilot experiments have shown that i.p. injection of MALP-2 in the form of heat-killed mycoplasmas induced refractoriness of peritoneal macrophages to ex vivo stimulation with either MALP or LPS, when IL-6 release was measured (U. Deiters and P. F. Mühlradt, unpublished results). In follow-up experiments, the LPS-mediated release of the proinflammatory cytokines TNF-␣ and IL-6 were studied in mice pretreated with synthetic MALP-2 or control mice that received saline only. NMRI outbred mice were used to exclude atypical results through possible genetic peculiarities. At various time points after MALP-2 treatment, the animals were challenged with serovar Typhimurium LPS, and 1 h after challenge the animals were sacrificed and TNF-␣ and IL-6 levels in serum were determined. As shown in Fig. 3 , very little biologically active TNF-␣ could be measured in the serum after challenge with 1 g of LPS, when the animals were pretreated with MALP-2 24 or 72 h prior to challenge. The situation with IL-6 was somewhat different, as significant suppression of LPSdependent serum IL-6 was only seen 24 h after MALP-2 administration. When the challenge dose of LPS was increased to 15 g, no significant cross tolerance by pretreatment with MALP-2 was noticeable (data not shown).
Protection from lethal TNF-␣ shock in galactosamine-sensitized mice by MALP-2 pretreatment is TLR2 dependent. Galactosamine-treated mice show greatly increased sensitivity to TNF-␣ (15). It was therefore of interest to try to protect mice from a lethal dose of TNF-␣ by pretreatment with MALP-2. These experiments were performed with groups of six C57BL/10ScCr mice which carry mutations leading to a lack of TLR4 expression (52) and an impaired IFN-␥ response to bacteria (65) due to a defective IL-12 response (42). These mice are particularly suitable for these studies as effects of endogenously generated IFN-␥ through IL-12 can be excluded. C57BL/10ScCr mice are as sensitive to TNF-␣ as the respective wild-type mice (18) . The results are presented in Table 1 and show that pretreatment with even small doses of MALP-2 prevented death due to TNF-␣ given 5 and 24 h later. However, pretreatment with 10-g doses of MALP-2 followed by TNF-␣ challenge 5 h later led to the deaths of 50% of the animals, probably because of a synergistic overlap at this time point of effects from an overdose of MALP-2 and TNF-␣. This synergy subsided after 24 h, when full protection from TNF-␣ was achieved (Table 1) .
To show that the abovementioned protective effects were TLR2 dependent, these experiments were repeated with TLR2-defective mice. Three of three TLR2 Ϫ/Ϫ mice given no MALP-2 pretreatment and challenged i.v. with 1 g of TNF-␣ along with 20 mg of galactosamine/mouse died within 6 to 8 h after challenge, and four of four TLR2 Ϫ/Ϫ mice pretreated i.p. with 10 g of MALP-2/mouse 24 h before similar challenge also died. Thus, MALP-2 provided no protection in these mice.
Protection by MALP-2 against lethal LPS shock is only partial. Groups of seven C57BL/10ScSn LPS-sensitive mice were i.p. injected with various doses of synthetic MALP-2. Mice were simultaneously sensitized and challenged 5 and 24 h later by i.v. coinjection of galactosamine with a lethal dose of 50 ng of LPS from serovar Abortus-equi. Even a high dose of 10 g of MALP-2 per mouse gave only a partial protection against LPS lethality which lasted for a short time span (Table  2) .
DISCUSSION
The recent in vitro studies of Sato et al. have suggested that the potent macrophage activator MALP-2 can induce cross tolerance to LPS (55, 56) . The present work extends this finding to in vivo protection experiments. As pointed out above, several attempts have been made in the past to induce cross tolerance with a variety of compounds, including a synthetic analogue of the murein lipoprotein which was used for in vitro studies with human monocytes (33) . These studies were apparently not extended to in vivo systems, as conventional bacterial lipopeptides with three fatty acid residues show little in vivo activity (19) . In contrast, MALP-2 lacks the amide-bound fatty acid and is very active in vivo, causing release of cytokines and chemokines and concurrent leukocyte infiltration (7, 38) . MALP-2 could therefore be expected to be effective in experimental animals for the induction of cross tolerance to LPS. Moreover, MALP-2 proved much less pyrogenic than LPS in the rabbit when i.v. injected (Fig. 2) . The rabbit was chosen for this experiment as it is customarily used for pyrogenicity studies, being similarly sensitive to LPS as humans.
Indeed, i.p. administration of MALP-2 caused a significant reduction of serum TNF-␣ and IL-6 levels following a secondary LPS challenge, a state of at least partial unresponsiveness that lasted up to 72 h (Fig. 3) . We could then show that MALP-2 was able to protect galactosamine-treated TLR2 ϩ/ϩ mice from a lethal dose of TNF-␣ (Table 1) and that this effect was TLR2 dependent (see above). However, preexposure of animals to MALP-2 under conditions that protected them from lethal TNF-␣ did not result in protection from a lethal LPS dose (Table 2) .
At first sight, MALP-2-as well as LPS-induced tolerance to LPS could be due to diminished TLR4 availability. It has been shown in vitro that downregulation of TLR4 may play a role in a Seven mice were in each group. Simultaneously with the LPS challenge, mice were given 20 mg of galactosamine. Death in unprotected mice occurred within 6 to 8 h after LPS application.
tolerance induction towards LPS (52, 55) . However, Sato et al. showed that TLR4 cell surface expression is rather enhanced after MALP-2 stimulation (55). Sato et al. were also able to exclude a possible participation of IL-10, since macrophages from IL-10-deficient mice were equally well tolerized by MALP-2 (55). Likewise, modulation of expression of CD14, whose role for MALP-2 binding is still under debate, does not seem to play any role (55) .
A possible mechanism of MALP-induced cross tolerance to LPS may be a dysfunction of common components of the signal transducing pathways used by LPS and MALP-2. In this context Li et al. showed low levels of IL-1 receptor-associated kinase (IRAK) protein and low IRAK kinase activity persisting 9 h after LPS removal in endotoxin-tolerant THP-1 cells (37) . In addition, MyD88 and IRAK do not associate in these tolerant cells (37) . Similarly, Medvedev et al. described a reduced association of MyD88 with IRAK and TLR4 in tolerant human monocytes (41) . Another mechanism that has been discussed is the involvement of IRAK-M as a negative regulator of TLR signaling (31) . Thus, macrophages from IRAK-M Ϫ/Ϫ mice failed to develop endotoxin tolerance (31) . With regard to mechanisms further downstream, in vitro data from the laboratory of Ziegler-Heitbrock demonstrated in murine as well as human cells that restimulation with LPS leads to mobilization of an NF-B p50p50 homodimer, a species that does not transactivate (66) .
When considering possible mechanisms of tolerance induction, it is difficult to extrapolate from in vitro findings to in vivo processes. In many of the experiments referred to in the preceding paragraph, cells were exposed to LPS for many hours, LPS was "washed away," and cells were immediately restimulated. In our studies, and those of others using lipoteichoic acid (LTA) (35) , bolus injections were done for priming as well as challenge and up to 24 h lay between priming and challenge. Thus, for example, in vitro cross tolerance experiments with LTA and LPS did not result in LPS tolerance in LTA-pretreated THP-1 cells (23), but LTA was able to induce protection against LPS in mice (35). Whereas in vitro studies deal with well-defined cell populations, there are many more potentially interacting cell populations to consider in an experimental animal. The circulation and breakdown of the tolerizing substance, cytokines, or soluble receptor species also need to be taken into account. Cytokines may thus be neutralized, quickly broken down or excreted, such that most mediators may never reach concentrations which occur in cell culture. Furthermore, the composition of certain cell populations or the concentration of some circulating hormones may change in the experimental animal reacting to a systemic stimulus. Moreover, tolerizing agents that are active in cell culture may in an experimental animal bind to neutralizing serum components, may never reach the relevant target cells at effective concentrations, or, last but not least, may be too toxic to be applied in animals or humans.
It has been shown previously that tolerance in an experimental animal is at least partly due to unresponsive macrophages (14) . However, other cells and factors may contribute. While IL-10 has been ruled out as being protective in IL-10-deficient mice (3), a role of IL-13, produced, for example, by mast cells, has to be considered, especially for downregulation of TNF-␣ (8). It has also been shown that there is an increase in immature macrophages in LPS-tolerized animals (39) . A similar situation is likely to occur and to contribute to tolerance in our experiments, as i.p. administration of MALP-2 changes the composition of peritoneal exudate cells (7) . Lastly, high levels of glucocorticoids which inhibit macrophage activation persist in tolerant animals (58) . The processes leading to tolerance are thus multifactorial, and there may be different mechanisms responsible for tolerance effects observed at 5 or 72 h after priming.
Several reasons may explain why protection from TNF-␣ can be achieved by MALP pretreatment while there was poor protection, if any, from LPS. First, it must be emphasized that TNF-␣ is one of the more important but not the only known mediator to induce lethal shock. There are data that support the involvement of IL-12, IL-18, granulocyte macrophage colony-stimulating factor, and IFN-␥ (2, 4, 5, 9, 25, 26, 54, 57) . Second, while macrophages can respond to both MALP-2 and LPS, being thus theoretically sensitive to cross tolerance, other cells, such as NK cells, also play a role in LPS toxicity (20) , but they are TLR2 negative (12, 22) and thus are not expected to become tolerized by MALP-2. Third, several reports have appeared showing that LPS, via TLR4, stimulates genes via a MyD88-independent pathway (1, 21, 29, 61) while MALP-2, via TLR2, does not (29) . It is thus likely that activation of some of these genes may contribute to LPS toxicity and that they can be silenced by prestimulation with LPS but not with MALP-2.
As discussed in a recent review (6), protection from an overdose of LPS or resulting high levels of TNF-␣ does not reflect the situation of clinical sepsis but rather that of intoxication. It remains to be seen from further experiments, and in different experimental models, whether or not MALP-2 could be useful in clinical trials, e.g., for a preventive treatment of sepsis patients, as under these conditions the onset of exposure to LPS and other microbial stimulants is gradual. The high effectiveness of MALP-2 in suppressing TNF-␣, the known ways of biological inactivation (44) , and the low pyrogenicity as opposed to the highly pyrogenic LPS which persists in biologically active form in liver cells for 3 days (13) make MALP-2 a potential candidate for clinical use.
